where significant ply cracking and spalling are evident. In a recent study, Guynn and O'Brien [3] , used a de-ply technique to show that delaminations of impacted regions are always associated with matrix cracking. They observed that matrix cracks will form first through the laminate plies and parallel to the fiber direction. Under bending loads, delaminations will then grow perpendicularly from these cracks where they terminate at ply interfaces. The purpose of this study was to quantify the combined effect of bending and transverse shear loads on delamination initiation from existing matrix cracks in thin laminates.
In order to model a variety of bending situations, three different boundary conditions were considered in the study. A variety of lay-ups was used, each lay-up having 90 plies on the outsides. The lay-up of the interior of the n laminates was varied to provide specimens with different bending stiffnesses.
Under bending, a matrix crack will form on the tension side of the laminate, extending through the "n" o 90 plies and parallel to the fibers. Once this matrix crack reaches the interface between the inner-most 90 0 ply and the next adjacent ply, delaminations initiate and grow. In order to isolate the matrix crack and study the problem 2-dimensionally, small coupon specimens were designed to represent the rectangular section shown in Figure 1 . Schematic drawings illustrating the three tests and the expected failure are shown in Figure 2 . The strain energy release rate associated with this delamination growth can be related to the applied load and laminate stiffness. Simple equations for the strain energy release rate (G) associated with delamination were developed using laminate plate theory. The G values, as determined by the analysis and measured data from T300/5208 graphite epoxy, were compared for a variety of lay-ups and boundary conditions. Figure 3 .
In order to study delamination initiation from pre-existing matrix cracks, and to be able to isolate the crack, specimens were tested with simulated matrix cracks. These simulated precracks were formed in two different ways, either by The end-clamped, center-loaded test apparatus is shown in Figure 6 . cases before delamination occurred. This non-linearity was attributed to the test fixtures and was small enough that it was not a concern.
Analysis
Simple equations for the strain energy release rate associated with delamination growth, under a constant out-of-plane displacement, from a matrix crack were developed for each bending configuration using a strain energy release rate definition of the form G =dW _dU dA dA (1) where A is the surface area created by the delamination, W is the work performed by the external loads, U is the strain energy, which in general is given in terms of the laminate stresses by 1[
xy xy xz xz yz yz (2) and W=2U
For the three bending configurations considered, equation (2) can be reduced to 
where N is the number of plies in the laminate, Y zx is the shear strain in the th zx plane and zk is the distance from the midplane to the k ply. Performing the integration and summing in the Z direction, eq. (7) becomes (8) where A", B", 0", and A55 are the laminate extensional, bending-extension coupling, bending, and transverse shear stiffnesses, respectively. ( 1 6) The half-span of the laminate can be modelled as a laminated region and a sub laminate created by the growth of the delamination as shown in Figure 9 for the three point bending case. This sublaminate is an asymetric laminate o consisting of the original laminate minus the cracked 90 plies that are delaminated and no longer carry load. Equation (3) can therefore be expressed as ( 17) where the subscripts Lam and Del refer to the laminate and sublaminate respectively. By using the appropriate equations for the bending moment M and x transverse shear N for the particular configuration of interest, equation (10) xz can then be integrated over the half-span. For the complete laminate this expression must be multiplied by 2, to yield an expression for the strain energy of the laminate in terms of the laminate constants, the applied load and the crack length a. For simplicity, let (1) and differentiating, where A is the total delaminated area and dA=(2b)2(da), the following three equations can be determined for the total strain energy release rate for the 4-point bending, 3-point bending and end-clamped configurations, respectively.
where P is the load, and L, b, and ~ are specimen geometry terms as defined in Figure 2 . In the calculations G xz was assumed to be approximately equal to G xy according to [5J. In Figure 10 , G is plotted for equations (20) 
G=~(S
The critical load measured at delamination onset Pc' was substituted into equations (23-25) to determine the critical strain energy release rates, G c for onset of the delamination from the matrix crack.
Test data and calculated G c values are given in Tables 1, 2, and 3 for the 4-point bending, 3-point bending, and clamped center-loaded configurations, respectively. The specific ply properties used to compute the laminate stiffnesses for the T300/5208 material were 6 E 11 = 19.5 x 10 psi 
Calculated compliance terms based on these assumed properties are shown in Table 1 for the 4-point bending tests, along with the actual measured bending compliances from testing. The agreement is good for the three lay-ups.
Results and Discussion
A typical failed specimen is shown in Figure 11 for the four-point bending Neither micrograph shows any indication of fiber bridging at a=O, although there was a tendency to pick up fibers as the crack extended further. In this study, however, we are concerned only with the behavior at a=O, where there was no evidence of fiber bridging. SEM examination was used to verify that the delamination always formed and grew at the [9010J interface regardless of layup, test configuration, or type of pre-crack used.
Failure loads and specimen geometries for the three laminates and three test configurations are given in Tables 1,2 Both techniques seem reasonable for simulating an initial crack. Figure 15 shows a comparison of results of the different lay-ups for each type of test. 
Conclusions
In this study graphite-epoxy laminates with 90 0 plies on the outside were used to two-dimensionally simulate the back-surface damage observed during lowvelocity impact of composite plates. Three different plate bending problems were considered: 4-point bending, 3-point bending, and an end-clamped, center loaded plate. These bending configurations were analyzed using laminate plate theory and simple equations were derived relating the total strain energy release rate, G , associated with the delamination growth from a 90 0 ply crack c to the applied bending load and laminate stiffness properties. For each bending problem, three different lay-ups were tested and results compared. Results of the analysis and testing indicate that: 1. Delaminations formed at the interface where the matrix crack terminated and appeared to have a significant crack opening displacement. 7. O'Brien, T. K., Johnston, N. J., Raju, I. S., Morris, D. H., and Simonds, R.
A., "Comparisons of Various Configurations of the Edge Delamination Test for
Interlaminar Fracture Toughness", NASA TM 86433, July 1985. Laminate-sublaminate bending model. [ Table 3 in-1b 
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A major source of delamination damage in laminated composite materials is from lowvelocity impact. In thin composite laminates under point loads, matrix cracks develop first in the plies, and delaminations then grow from these cracks at the ply interfaces. The purpose of this study was to quantify the comhined effects of hendinq and transverse shear loads on delamination initiation from matrix cracks. Graphite-epo~y laminates with 90° plies on the outside were used to provide a two-dimensional simulation of the damage due to low-velocity impact. Three plate hending prohlems were considered: a 4-point bending, 3-point hending, and an end-clamped center-loaded plate. Under bending, a matrix crack will form on the tension side of the laminate, through the outer 90° plies and parallel to the fibers. Oelaminations will then grow in the interface between the cracked 90° ply and the next adjacent ply. Lami nate pl ate theory was used to derive simple equations relating the total strain enerqy release rate, G, associated with the delamination growth from a 90° ply crack to the applied bending load and laminate stiffness properties. Three different lay-ups were tested and results compared. Test results verified that the delamination always formed at the interface between the cracked 90° ply and the next adjacent ply. Calculated values for total G c from the analysis showed good agreement for all configurations. The analysis was able to predict the delamination onset load for the cases considered. The result indicates that the opening mode component (Mode I) for delamination growth from a matrix crack may be much larger than the component due to interlaminar shear (Mode II). 
